Abstract
Introduction 52
Lacebark (Hoheria populnea A. Cunn., Malvaceae) is a small, fast growing tree endemic to 53 New Zealand. Its common name is derived from the lace-like layers of the inner bark which 54 are traditionally woven into kete (woven baskets) and headbands or used as decorative trim on 55 hats and cloaks. In traditional Māori medicine (rongoā) the uses of lacebark are related to the 56 mucilage which is produced when the inner bark layers are soaked in water. The jelly-like 57 mucilage is used externally as an emollient and internally for treating inflammation of the 58 digestive and respiratory tracts [1, 2] galactose side chains also a common feature; they are also often partially O-acetylated [4] [5] [6] [7] [8] [9] [10] [11] . 69 We have recently partially characterised the physicochemical properties of a mucilage from 70 the inner bark of the stems of Grewia mollis, another member of the Malvaceae family [12] . 71
This polysaccharide comprises mostly of rhamnose, galacturonic acid and glucuronic acid and 72 NMR spectroscopy showed that it was partially O-acetylated. 73
74
There are no reports in the literature of the structure and rheological properties of 75 polysaccharides extracted from members of the genus Hoheria. Whilst the traditional uses of 76
General analyses 102
Moisture content of the extract was estimated by oven-drying (80 °C, 24 h) and measuring the 103 loss of weight. Nitrogen (N) and ash contents were analysed by an accredited chemical 104 laboratory (Campbell Microanalytical Laboratories, University of Otago, Dunedin, New 105 Zealand). Protein content was determined as the N content x 6.25 (assuming the N content of 106 proteins to be 16%; [14] ). All determinations were performed in duplicate. 107 108
Chromatographic and spectroscopic analyses 109
The composition and structure of the lacebark mucilage polysaccharides were analysed 110 essentially as described by Nep et al. [15] . Where data from the analysis of grewia gum is 111 included for comparison, the grewia gum sample is the starch-free material described 112 previously [12] . Molar mass was determined using size-exclusion chromatography coupled with multi-angle 166 laser light scattering (SEC-MALLS). Samples (2 mg/mL in 0.1 mol L -1 NaNO3) were allowed 167 to hydrate by standing at room temperature overnight and centrifuged (14,000 x g, 10 min) to 168 clarify. The soluble material (100 µL) was injected onto two columns (TSK-Gel G5000PWXL 169 and G4000PWXL, 300 x 7.8mm, Tosoh Corp., Tokyo, Japan) connected in series and eluted with 170 0.1 M NaNO3 (0.7 mL min -1 , 60 C). The eluted material was detected using a UV 171 spectrophotometer (280 nm), a DAWN-EOS MALLS detector (Wyatt Technology Corp., 172 Santa Barbara, USA) and a refractive index (RI) monitor (Waters Corp., Milford, USA). The 173 data for molar mass determination was analysed using ASTRA software (v6. 
Modelling of flow behaviour 192
The flow behaviour of the 0.5%, 1% and 2% w/v dispersions of lacebark mucilage at pH 7. 
Composition of lacebark leaf mucilage 224
The yield of mucilage isolated from the lacebark leaves was 1.7%, calculated on a dry weight 225 basis. This mucilage comprised mostly rhamnose, galactose, and both galacturonic and 226 glucuronic acids, accounting for almost three quarters of the weight of the extract (Table 1) . 227
Similarly, we have previously shown that a gum extracted from the inner bark of stems of 228
Grewia mollis, a sub-Saharan member of the Malvaceae family, was also rich in rhamnose, 229 galacturonic acid and glucuronic acid [12] ; comparable extracts from the inner bark of lacebark 230
showed a similar composition to that of grewia gum (data not shown). In addition, the lacebark 231 leaf extract contained 2.6, 12.1 and 13.5% w/w of protein, ash and moisture, respectively. 232 233
Structural analyses of lacebark leaf mucilage 234

Linkage analysis 235
Linkage analysis of the lacebark leaf mucilage showed both linear and branched 2-linked 236 rhamnopyranosyl (Rhap) and 4-linked galactopyranosyluronic acid (GalpA) residues (Table  237 2). More than a third of the GalpA residues were terminally linked, almost all the 238 glucopyranosyluronic acid (GlcpA) residues were terminally linked and the galactopyranosyl 239 (Galp) residues 4-linked (Table 2) 
FTIR spectroscopy 259
The FTIR spectrum of lacebark leaf mucilage was typical of polysaccharides ( pectin and grewia gum [12] . Using this method the degree of esterification of lacebark mucilage 272 was estimated to be ~10%, which was considerably less than that of grewia gum (~50%). 273 274
NMR spectroscopy 275
The 13 C NMR spectrum of lacebark leaf mucilage ( Fig. 2A) resembled that of grewia gum, 276 except that the anomeric region of lacebark mucilage showed C-1 signals at 100.3 and 101.0 277 ppm, and C-6 signals at 60.9 and 61.9 ppm that were not observed in the spectrum of grewia 278 gum [12] . These signals were thus assigned to 4-Galp residues that were not detected in the 279 linkage analysis of grewia gum (Table 2) . These two C-1 signals showed H-1 cross-peaks in 280 the 1 H NMR spectrum (Fig. 2B) to that found previously for grewia gum [12] , indicating that the esterification identified by 297 FTIR was O-acetylation rather than methyl esterification. We have not investigated the 298 location of the O-acetyl groups, but Sengkhamparn et al. [7] showed that they were located on 299 both Rhap and GalpA residues of pectic polysaccharides extracted from okra pods. 300
Structure of lacebark mucilage 302
Based on the composition and structural analysis data we deduce that lacebark mucilage 303 
Size-exclusion chromatography-multi-angle laser light scattering (SEC-MALLS) 339
Size-exclusion chromatography of lacebark leaf mucilage and grewia gum showed that ~90% 340 of the material eluted between 10.5-13.5 mL; both samples also contained a small late-eluting 341 peak (Fig. 3) . The mass-average molar mass (Mw) of the major peak of lacebark mucilage was 342 determined to be 2.31 x 10 6 g mol -1 , ranging from 1.8-3.0 x 10 6 g mol -1 ; the dispersity (Ð) was 343 1.02 and the z-average mean square radius was 90.4 nm. The Mw of grewia gum (1.80 x 10 6 g 344 mol -1 ) was slightly smaller than that of lacebark mucilage, but its molar mass range was much 345 greater with a Ð of 1.67; the z-average mean square radius was 81.0 nm. 346 347
Rheological measurements 348
To understand the flow properties of hydrated lacebark mucilage both steady shear and 349 dynamic measurements of viscoelasticity were performed. This provided an insight into the 350 mechanical behaviour and potential industrial applications as a thickener or suspending agent. 351
Measurements of apparent viscosity increased significantly (p<0.05) with increasing 352 concentration (0.5%, 1% and 2% w/v) and also showed significant pseudoplastic flow 353 behaviour in all samples with viscosity decreasing with increasing shear rate (Fig. 4) To gain an insight into the viscoelastic properties of lacebark leaf mucilage, small deformation 376 oscillatory measurements were performed on 2% w/v solutions prepared at a range of pH 377 values. Stress sweep measurements were used to evaluate the critical stress required by the 378 samples to yield. The value of critical stress was lowest at pH 1.2 (~5 Pa) and highest at pH 379 7.5 (~7.5 Pa) with samples at pH 4.5 and pH 2.5 at ~6.5 Pa (Fig. 5) . This trend in behaviour 380 has previously been observed in other similar anionic polysaccharides [12, 35] and has been 381 attributed to reduced intermolecular associations between polymer chains [12] . In this case 382 however, it should be noted that the differences in critical stress with reducing pH are relatively 383 small which points to the material maintaining some level of intermolecular entanglement even 384 at low pH. To investigate this further frequency sweeps were performed on the same samples. 385
The mechanical spectra obtained were characteristic of entangled polymer solutions with G″ 386 greater than G′ at low frequencies of oscillation (where the period of oscillation is sufficient to 387 allow disentanglement to occur). At higher frequencies, however, elastic deformation 388 dominated with G′ greater than G″, indicating that polymer entanglement was the dominating 389 intermolecular interaction between the chains (Fig. 6) . On further examination of the 390 mechanical spectra only subtle differences were observed at different pH values indicating the 391 mucilage was fairly resistant to changes in pH. Characteristic relaxation time (calculated 392 from the inverse of the angular frequency at which G′ and G″ cross (c -1 ), as described by 393
de Freitas et al. [42] , was the same (0.63 s) at pH 1.2, 2.5 and 4.5, compared with 1.59 s at pH 394 7.5. Although this points to a more extended conformation at pH 7.5 with increased polymer 395 entanglement between the chains, the relatively small differences in relaxation times indicate 396 a reduction in pH has only minimal effect on the kind of transient networks observed. 397
Furthermore, the relaxation time was unaffected when reducing the pH from 4.5 to 1.2 398 indicating that the lacebark mucilage was fairly resistant to acidic pH variations. Indeed, the 399 loss tangent (ratio of loss modulus to storage modulus) when plotted against angular frequency 400 showed that there was no significant difference (P<0.05) between the samples at different pH 401 across the frequency range measured (Fig. 6B) . 402
The nature and complexity of the relaxation processes can also be visualized using Cole-Cole 403 plots of G′ vs. G″ (Fig. 6C) The uronic acid components of the polysaccharides found in mucilages from the Malvaceae 421 have a negative charge at neutral pH, which can cause intra-molecular repulsion resulting in an 422 extended conformation [46, 47] . This favours inter-molecular interactions between the chains 423 rather than self-association. If the pH is lowered to below the pKa of the uronic acid however, 424 the charge is lost which can either lead to over association between polymer chains (gelation 425 or precipitation) or to intra-molecular association resulting in a more compact conformation 426 which reduces entanglement between chains (reducing viscosity). In both cases this is 427 manifested in a distinctive change in the mechanical behaviour. Only minimal changes 428 however, were observed for lacebark mucilage. A reasonable explanation for this behaviour is 429 the structural peculiarity of the polysaccharides present in the lacebark mucilage, whereby 430 steric hindrance from the oligosaccharide side-chains prevents strong intra-molecular 431 association when in the deprotonated state at low pH, retaining a relatively extended 432 conformation and thus causing the intermolecular association to remain more favourable. Measurements were taken at pH 7.5 and 25 °C. 654 655 Figure S1 . Cross fitting of viscosity vs shear rate data for lacebark leaf mucilage prepared at 656 concentrations of 0.5%, 1.0% and 2.0% w/v at pH 7.5 657
